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Fluctuations in Cyclin E levels are required for multiple rounds of
endocycle S phase in Drosophila
Peter J. Follette, Robert J. Duronio* and Patrick H. O’Farrell
The precise cell-cycle alternation of S phase and
mitosis is controlled by alternating competence of
nuclei to respond to S-phase-inducing factors [1].
Nuclei acquire competence to replicate at the low point
in cyclin-dependent kinase (Cdk) activities that follows
mitotic destruction of cyclins. The elevation of Cdk
activity late in G1 is thought to drive cells into S phase
and to block replicated DNA from re-acquiring
replication competence [2]. Whereas mitosis is
normally required to eliminate the cyclins prior to
another cycle of replication, experimental elimination of
Cdk activity in G2 can restore competence to replicate
[3–6]. Here, we examine the roles of Cdks in the
endocycles of Drosophila [7]. In these cycles, rounds of
discrete S phases without intervening mitoses result in
polyteny. Cyclins A and B are lost in cells as they enter
endocycles [8,9], and pulses of Cyclin E expression
drive endocycle S phases [10–12]. To address whether
oscillations of Cyclin E expression are required for
endocycles, we expressed Cyclin E continuously in
Drosophila salivary glands. Growth of the cells was
severely inhibited, and a period of DNA replication was
induced but further replication was inhibited. This
replication inhibition could be overcome by the kinase
inhibitor 6-dimethylaminopurine (6-DMAP), but not by
expression of subunits of the transcription factor E2F.
These results indicate that endocycle S phases require
oscillations in Cdk activity, but, in contrast to
oscillations in mitotic cells, these occur independently
of mitosis. 
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Results and discussion
To test whether fluctuations in Cyclin E levels are req-
uired for endoreplication, we induced continuous Cyclin E
expression in Drosophila salivary glands. A transgene
expressing the transcriptional activator Gal4 in the salivary
gland (43B; provided by B. Noll and N. Perrimon) was
used to drive expression of a second transgene encoding
Cyclin E under the control of the Gal4 upstream activat-
ing sequence (UAS–Cyclin E; provided by H. Richardson).
Ectopic Cyclin E mRNA first accumulated in embryos in
late stage 14 (Figure 1a,b); at this stage, the salivary gland
cells had undergone two consecutive rounds of replication
following their last mitosis [7,13] and were in a gap phase
of the endocycle. This induced Cyclin E expression contin-
ued throughout larval development (Figure 1c,d). The
continuous expression of Cyclin E reduced greatly the size
of the third instar salivary glands (Figure 1e,f) without
noticeably compromising larval growth or survival (data
not shown). The salivary gland nuclei were much smaller
and had about 40-fold less DNA than wild-type salivary
glands, as assessed by micro-fluorometric measurement of
Hoechst 33258 staining (data not shown). These results
suggest that continuous expression of Cyclin E severely
inhibits both the degree of endoreplication and the overall
growth of larval salivary glands.
Incorporation of bromodeoxyuridine (BrdU) revealed that
DNA synthesis was induced at the onset of ectopic
Cyclin E expression (data not shown), consistent with the
ability of Cyclin E to drive endocycling cells into S phase
([10] and T.T. Su and P.H.O’F., unpublished observa-
tions). In contrast, subsequent BrdU incorporation into
the salivary glands of 43B-UAS–Cyclin E larvae was largely
inhibited in all larval instars (Figure 2a,b, and data not
shown). These results support the hypothesis that
Cyclin E levels must fluctuate for S phase to occur in suc-
cessive endocycles. 
Although we have been unable to monitor Cyclin E
protein levels directly by antibody staining, the replication
inhibition caused by continuous expression of Cyclin E
presumably reflects continuous Cyclin-E-associated
kinase activity. If Cdk activity must indeed fluctuate for S
phase to occur in successive endocycles, then a transient
inhibition of kinase activity in these cells might be suffi-
cient to allow replication once Cyclin E kinase levels are
restored. To test this, we pulse-treated 43B-UAS–Cyclin E
salivary glands with 6-DMAP [14], an inhibitor of kinase
activity, and tested for BrdU incorporation. We observed a
dramatic increase in the amount of BrdU incorporated fol-
lowing treatment with 6-DMAP (Figure 3). This result is
consistent with the premise that Cdk activity must fluctu-
ate in these cells to allow multiple rounds of S phase, and
demonstrates that DNA replication in salivary gland cells
is not irreversibly compromised by the continuous expres-
sion of Cyclin E. 
Whereas the block to re-replication in mitotic cells is
generally thought to affect replication components
directly, there are other possibilities illustrated by the
actions of cyclin A. In Drosophila, Cyclin A plays the key
role in blocking replication: its elimination is sufficient to
convert mitotic cycles to endocycles [6], and its ectopic
expression in endocycling cells blocks endocycle S
phases (F. Sprenger, N. Yakubovich, and P.H.O’F.,
unpublished observations). In mammals, cyclin A–Cdk2
can inhibit the S-phase transcription factor E2F [15]. As
Drosophila E2F plays a major role in the embryonic endo-
cycle S phase [16], Cyclin A might block replication indi-
rectly, by preventing the activation of E2F. To test
whether E2F is involved in the Cyclin-E-induced block
to re-replication, we examined the effect of continuous
Cyclin E expression on the accumulation of E2F-depen-
dent transcripts, and tested whether expression of the
subunits of E2F could bypass the re-replication block.
The expression of RNR2, a target gene of E2F [16,17],
was altered by continuous Cyclin E expression — there
appeared to be more cells, on average, expressing RNR2
within each 43B-UAS–Cyclin E salivary gland than in
wild-type glands, and the level of RNR2 expression
within each Cyclin-E-expressing cell appeared lower than
in wild-type cells. There was, nevertheless, significant
RNR2 accumulation in 43B-UAS–Cyclin E salivary glands
(Figure 2e,f). It thus appears unlikely that the S-phase
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Figure 1
Continuous Cyclin E expression begins in embryonic salivary glands
and continues throughout larval development. (a,b) Embryos and (c,d)
salivary glands (outlined) of early third instar larvae were hybridized
with a digoxigenin-labeled Cyclin E RNA probe that was visualized
using alkaline-phosphatase-conjugated anti-digoxigenin antibodies.
Cyclin E RNA accumulated in the salivary glands (arrows) of 43B-
UAS–Cyclin E embryos (b) by stage 15, at which time wild-type
(Sevelin) embryos (a) do not express Cyclin E in the salivary glands.
The arrowhead in (a) indicates labeling in the brain, which is
somewhat out of focus in (b). (c) A fraction of the cells of the larval
salivary gland express Cyclin E RNA in the wild-type (yw67) salivary
glands, whereas all of the cells of the 43B-UAS–Cyclin E glands (d)
express Cyclin E. (e) Late third instar wild-type and (f) 43B-
UAS–Cyclin E salivary glands (outlined by dotted lines) stained with
1 µg/ml Hoechst 33258. Whereas the salivary glands normally
increase in size dramatically during the third instar, the salivary glands
of the 43B-UAS–Cyclin E larvae remain small. Arrowheads indicate
the ring of diploid cells forming the imaginal ring. Arrows indicate the
nuclei of the fat body; cells of the fat body (which are not expressing
Cyclin E continuously in these experiments) also endoreplicate but to
a lesser extent than cells of the wild-type salivary gland. Note the
relative size of the fat body nuclei compared to the wild-type and 43B-
UAS–Cyclin E salivary gland nuclei.
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Figure 2
Continuous Cyclin E expression in Drosophila salivary glands causes a
prolonged period of replication inhibition in larvae. (a,b) Early third
instar larval salivary glands (outlined) were dissected and cultured with
1 mg/ml BrdU for 30 min. The incorporated nucleotide was detected
by immunofluorescent staining. (a) Wild-type salivary glands showed
BrdU incorporation in a subset of nuclei. Whereas little or no
incorporation is seen in 43B-UAS–Cyclin E salivary glands (b), we did
detect occasional small dots of BrdU incorporation and rare nuclei
with more complete labeling (not evident in this figure). We suggest
that these dots of BrdU incorporation result from the firing of isolated
replication origins: if the replication block created by the
UAS–Cyclin E and 43B transgenes is imperfect, then a failure of the
block may result in the sporadic assembly of replication components at
an origin followed by local replication. (c,d) Salivary glands (outlined)
from early third instar larvae that carry heat-shock-inducible (HS)
transgenes for E2F and DP were labeled by culturing dissected glands
with BrdU for 30 min. (c) Induction of the subunits of E2F (E2F and
DP) in a wild-type background causes an increase in BrdU
incorporation but not in (d) the salivary glands of 43B-UAS–Cyclin E
larvae that express Cyclin E continuously. Larvae were heat shocked at
37°C for 1 h, allowed to recover for 2 h, and dissected and labeled in
Schneider’s tissue culture medium with 1 mg/ml BrdU. (e,f) Early third
instar salivary glands were hybridized with a digoxigenin-labeled probe
for RNR2 RNA and the probe visualized immunohistochemically.
RNR2 is a target of E2F, and provides an indication of E2F activity. In
both (e) wild-type and (f) 43B-UAS–Cyclin E salivary glands, RNR2 is
expressed in a subset of the cells of the gland.
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block caused by continuous Cyclin E expression occurs
via E2F inactivation. 
To further address the role of E2F in the Cyclin-E-
induced block to replication, we monitored the ability of
E2F to induce S phase in 43B-UAS–Cyclin E salivary
glands. Heat-shock induction of the subunits of E2F (E2F
and DP) induced near-uniform incorporation of BrdU in
wild-type endoreplicating cells (Figure 2c). Induction of
the subunits of E2F in 43B-UAS–Cyclin E salivary glands,
however, had no such effect (Figure 2d). Together, these
results suggest that the S phase block created by continu-
ous Cyclin E expression acts either downstream of E2F
activation or on a parallel pathway that is required for S
phase. As the Cyclin A block to re-replication appears to
be bypassed by the expression of E2F subunits, this result
suggests that there are two mechanisms of S-phase inhibi-
tion, one upstream and one downstream of, or parallel to,
E2F activation. 
The results presented here demonstrate that continuous
ectopic Cyclin E expression inhibits S phase in endocy-
cling cells. We infer that Cyclin E expressed from the
endogenous gene has the same activity, but we cannot
entirely exclude the possibility that the transgene
expresses a greater activity. In any case, it is clear that
Cyclin E, like Cyclin A, can have both a positive and a
negative role in the control of DNA replication. The
demonstration of these two activities supports a general
model in which fluctuations in Cdk activity are required
for DNA replication in successive cell cycles [2,5,6], and
suggests that there is an oscillation in replication compe-
tence in the endocycle as there is in the mitotic cycle. The
change in the program of expression of the different
cyclins in endocycles enables the fluctuations in Cdk
activity to be independent of mitosis, however (Figure 4). 
The ability of Cyclin E to block re-replication presents a
paradox. Cyclin-E-associated kinase activity is high
throughout the early cell cycles of Drosophila embryogene-
sis [6]. Apparently, either Cyclin E lacks S-phase-
inhibitory activity in these early cell cycles, or mitosis can
override the Cyclin-E-mediated inhibition and restore
replication competence even in the continuing presence
of Cyclin E. Experiments in Xenopus cell extracts have led
to the suggestion that the mitotic event that allows re-
replication is the breakdown of the nuclear envelope [18].
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Figure 3
The kinase inhibitor 6-DMAP causes an additional period of BrdU
incorporation in 43B-UAS–Cyclin E larval salivary glands. Salivary
glands were dissected from second instar 43B-UAS–Cyclin E larvae
and incubated for 30 min in tissue culture medium with or without
10 mM 6-DMAP. The glands were then washed six times for 5 min
with medium free of 6-DMAP and labeled for 30 min in culture medium
with BrdU. (a) Untreated glands show only some small dots of BrdU
incorporation (arrows). (b) Treatment with 6-DMAP resulted in BrdU
incorporation in both dots (arrows) and entire nuclei (arrowheads).
BrdU was detected using rhodamine-conjugated secondary
antibodies and the images captured using a CCD (charge-coupled
device) camera.
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Figure 4
A model to explain the control of S phase in mitotic cycles and
endocycles. We summarize here previous proposals [2,5,6,10,11,15]
for the coordination of DNA replication with mitotic cycles and
endocycles, with emphasis on the newly demonstrated ability of
cyclin E to inhibit re-replication. In mitotic cells, the absence of Cdk
activity allows the assembly of replication origins during the G1 phase.
Because Cdks are required in order for assembled origins to fire, DNA
replication does not begin until Cdk activity appears in late G1 phase,
provoking entry into S phase. Once in S phase, re-assembly of fired
origins is inhibited by Cdk activity, which is present until the G2 cyclins
(specifically cyclin A) are degraded during mitosis. In endocycles,
fluctuations in Cdk activity cause a similar cycle of origin assembly,
origin firing, and prevention of reassembly, but here the ability to re-
assemble origins does not rely on passage through mitosis. Instead,
the G2 cyclins are not expressed in these cells, and the prevention of
reassembly is carried out by cyclin-E-associated kinase activity, which
fluctuates independently of mitosis.
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One potential mechanism has been suggested by Hua et
al. [19], who point out that when the nuclear envelope
breaks down during mitosis, the local concentration of
cyclin E (a nuclear protein) near the chromosomes
decreases. Thus, although the overall levels of cyclin E
activity within the embryo remain constant during mitosis,
the levels of cyclin E at replication origins may fall below
the level required to prevent re-replication. We find,
however, that increased expression of Cyclin E in
Drosophila does not block BrdU incorporation in early
mitotic cycles (P.J.F. and P.H.O’F., unpublished observa-
tions). This argues against the idea that the mechanism of
restoration of replication competence relies on modest
changes in the concentration of Cyclin E. Future experi-
ments addressing the regulation of Cyclin E during these
early mitotic cycles, as well as during endocycles, should
shed additional light on the regulation of both Cdk activ-
ity and S phase during the cell cycle.
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